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We report on the realization of sub-Doppler laser cooling of sodium atoms in gray molasses using
the D1 optical transition (3s 2S1/2 → 3p 2P1/2) at 589.8 nm. The technique is applied to samples
containing 3 × 109 atoms, previously cooled to 350 µK in a magneto-optical trap, and it leads to
temperatures as low as 9 µK and phase-space densities in the range of 10−4. The capture efficiency
of the gray molasses is larger than 2/3, and we observe no density-dependent heating for densities
up to 1011 cm−3.
PACS numbers: 37.10.De, 32.80.Wr, 67.85.-d
I. INTRODUCTION
Sub-Doppler laser cooling has been a well-established
and widespread technique since the late 1980s [1]. It
consists in using light polarization gradients and optical
pumping to cool down atoms below the Doppler tem-
perature limit TD = h¯Γ/2kB [2, 3], where h¯ is the re-
duced Planck constant, kB is the Boltzmann constant
and Γ is the natural linewidth. This technique, follow-
ing a Doppler precooling stage in a standard magneto-
optical trap (MOT), greatly improves the efficiency of
the cooling process within its velocity capture range, but
fundamentally does not remove the heating effects as-
sociated with the stochastic nature of photon absorption
and spontaneous emission cycles. In addition, the atomic
sample density remains limited both by light-assisted col-
lisions [4, 5] and by effective atom-atom repulsive forces
caused by reabsorption of scattered photons [6]. Improve-
ments are obtained in schemes where slowed atoms are
preserved from the above mentioned effects through se-
lective trapping into dark states—states that are not cou-
pled with the light field. Examples include the dark-spot
(DS) -MOT scheme [7] and schemes where the fraction
of atoms optically pumped in a dark hyperfine state is
dynamically controlled [8]. The use of dark states in
the achievement of lower and lower temperatures clearly
leads to a gain in evaporation efficiency, hence in the fi-
nal atom number. The advantages offered by dark states
can also be exploited in other contexts where spontaneous
emission still plays a pivotal role, as exemplified by the
recent developments in single-site resolved quantum-gas
microscopy [9, 10]. For this reason, studying techniques
that take advantage of atomic dark states is still a promis-
ing field of study. This holds especially true given the
fact that highly degenerate quantum gases shifted rapidly
from being the object of study to being an experimental
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tool in addressing fundamental problems in physics and
in devising cold-atom based quantum simulators [11].
Velocity-selective coherent population trapping
(VSCPT) [12] allows one to cool atoms even below
the photon recoil temperature limit Trec = h¯
2k2L/mkB
(where kL is the wave number and m is the atomic
mass), taking advantage of electromagnetically induced
transparency [13, 14]. Its main limitation is that it relies
on the diffusion in momentum space, due to spontaneous
emission, accumulating a relatively small population in a
velocity-selective dark state. Gray molasses (GM) cool-
ing [15–17], on the other hand, consists of polarization
gradient cooling in the presence of VSCPT: dark states
are given by a coherent superposition of degenerate
Zeeman sublevels in the ground hyperfine manifold,
while states coupling with the radiation field are shifted
in energy according to polarization gradient effects. In
such a scheme atoms are continuously optically pumped
into the dark states as they cede kinetic energy to the
light field. The velocity-selective mechanism is provided
by non adiabatic transitions: faster atoms in dark states
have a higher transition probability to bright states from
which the cooling cycle reiterates. Dark states exist only
for |F 〉 → |F − 1〉 or |F 〉 → |F 〉 transition; the cooling
mechanism works for blue detunings only, meaning that
atoms in velocity classes outside the sub-Doppler capture
range are heated up by Doppler heating. In addition,
stray magnetic fields have to be compensated to preserve
the cooling efficiency. In the presence of magnetic fields
and for proper light field configurations also a different
cooling and trapping scheme can be devised. This is
referred to as dark optical lattice (DOL) [16, 18]. In
the strong magnetic field regime, for which the Zeeman
energy shift is higher than the polarization gradient [19],
it consists in lifting the Zeeman degeneracy such that
dark states correspond to mF eigenstates uncoupled to
the light field due to its local polarization.
GM cooling was achieved experimentally in the 1990s
on 133Cs [20–23] and on 87Rb [24] atoms using the D2
transition (nS1/2 → nP3/2). The transverse cooling of a
52Cr atomic beam [25] was also reported. The D1 transi-
tion (nS1/2 → nP1/2) was already used in the context of
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FIG. 1. (a) Sodium D1 level structure. Cooler (blue, solid) and repumper (red, dashed) transitions are shown. (b) Sketch of
the D1 laser source.
DOLs with 87Rb [19] and 85Rb [26]. This choice is ben-
eficial due to the absence of off-resonant excitations on
the blue side of the hyperfine manifold of interest and to
the more resolved energy spectrum. More recently, GM
cooling was demonstrated on 85Rb [27], 40K [28, 29], 7Li
[30], 39K [31, 32], and 6Li [29, 33] using the D1 transition,
and on metastable 4He [34].
In this article we report on an experimental charac-
terization of GM cooling of 23Na atoms exploiting the
D1 transition |Fg = 2〉 → |Fe = 2〉. The level structure
is shown in Fig. 1(a). In the following section (Sec. II)
the reader will find the description of the D1 laser source.
Subsequently (Sec. III) the description of the experimen-
tal procedure and its characterization will be provided,
before drawing the conclusions in the last section (Sec.
IV).
II. EXPERIMENTAL APPARATUS
The D1 laser source employed for GM cooling is
sketched in Fig. 1(b). The main 590 nm laser source
comprises a 1180 nm master oscillator diode (Innolume
GC-1178-TO-200) mounted in Littrow configuration [35]
and capable of emitting 50 mW, a Raman fiber ampli-
fier (RFA) pumped with an ytterbium fiber laser capable
of emitting up to 8 W of power while maintaining the
spectral properties of the master oscillator beam, and a
resonant second harmonic generation stage based on a
15 mm LiB3O5 nonlinear crystal mounted in a bow-tie
cavity stabilized by means of polarization spectroscopy
[36].
Operating the RFA at 5 W we obtain 2.2 W of power
at 590 nm. The laser frequency is tuned by acting on
the master laser, and is stabilized on the |Fg = 2〉 →
|Fe = 2〉 cooler transition frequency using modulation-
transfer saturated absorption spectroscopy on a heat-
pipe containing sodium vapors. The repumper laser
frequency, corresponding to |Fg = 1〉 → |Fe = 2〉 is ob-
tained generating frequency sidebands in the laser field
by means of an electro-optic modulator (EOM) driven
at about 1771.6 MHz, the hyperfine splitting frequency
of the electronic ground state. After two acousto-optic
modulators (AOMs) acting as fast switches, a polariza-
tion maintaining optical fiber is used to deliver the laser
light on the optical table hosting the atomic cell.
The aforementioned experimental configuration en-
ables us to control all the parameters relevant to GM
cooling. Both the cooler detuning ∆ and the total in-
tensity IC + Irep (cooler and repumper intensity, respec-
tively) delivered to the atoms are tuned by changing the
frequency and amplitude of the RF signals driving the
two AOMs before the optical fiber. The relative intensity
Irep/IC and the Raman detuning δ between repumper
and cooling can be tuned by changing the amplitude and
frequency of the microwave field driving the EOM. We
deliver up to 200 mW of power to the atoms starting
from a single collimated beam of 4.7 mm waist (e−2 ra-
dius). The corresponding intensity is about 90 Isat in
units of the D2 saturation intensity for σ
± polarized light
Isat = 6.26 mW/cm
2. This beam is superimposed on the
one generated by the D2 laser source that is used for
standard MOT and bright molasses (BM) cooling (for a
detailed description, see Ref. [37]). The two copropa-
gating beams are then split into six independent beams
and sent on the atoms along three orthogonal directions,
counterpropagating in pairs with σ+ − σ− polarizations.
The atoms can be loaded in a DS-MOT using an addi-
tional D2 repumper beam that is sent through a circular
obstacle. Imaging the obstacle on the atoms results in a
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FIG. 2. (a) Capture efficiency (blue circles) and temperature (red squares) after a single GM pulse at constant intensity
IC = 80 Isat and fixed detuning ∆pulse = 4Γ, as a function of the pulse duration τ , (b) as a function of the detuning ∆pulse
with τ = 0.5 ms and IC = 80 Isat, and (c) as a function of the total cooler intensity IC with τ = 0.5 ms and ∆pulse = 5Γ.
Error bars correspond to one standard deviation. The repumper relative intensity and detuning are fixed to Irep/IC ' 4%, and
δ = 0, respectively.
hollow repumper beam with a sharp hole of radius 4 mm.
III. EXPERIMENTAL PROCEDURE AND
SYSTEM CHARACTERIZATION
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FIG. 3. (a) Cooler detuning ∆/Γ (blue line) and intensity
IC/Isat (red line) as a function of time for the single GM
pulse, and (b) for the GM sequence with ramp. Shown inten-
sity values already take into account the reduction of AOMs
diffraction efficiency for high detuning.
Sodium atoms are loaded in the DS-MOT before ap-
plying GM cooling. The loading sequence lasts about 8 s,
yielding ∼ 3 x 109 atoms at a temperature of T ∼ 350 µK.
GM cooling sequence is initiated 200 µs after DS-MOT
laser beams and magnetic fields are turned off. This
ensures the decay of transient magnetic fields to below
20 mG. At the end of GM sequence we perform absorp-
tion imaging in time of flight (TOF), from which we mea-
sure the number of atoms and their temperature in the
plane orthogonal to the imaging axis. The central phase-
space density of the sample is calculated as PSD= npλ
3
T,
where np is the peak density of the Gaussian distribu-
tion observed in situ and λT is the thermal de Broglie
wavelength. The capture efficiency of GM is calculated
normalizing the atom number after GM to the average
atom number right after the DS-MOT sequence.
A. Constant Intensity Pulse
We first study the effect of a GM stage made with a
constant intensity pulse of duration τ with laser beams
kept at fixed detuning ∆pulse.
The capture efficiency and the temperature after the
pulse are reported as a function of τ in Fig. 2(a). Nearly
the whole sample is cooled down to a temperature of
T ' 45 µK in about 0.5 ms. The other parameters are
fixed ∆pulse = 4Γ (Γ = 2pi x 10 MHz) and IC = 80 Isat.
The repumper sideband intensity is set to a few percent
(' 4%) of the cooler intensity and δ is set to zero.
Figure 2(b) shows that the capture efficiency is maxi-
mized for ∆pulse ' 5Γ (in case of τ = 0.5 ms).
In Fig. 2(c) the dependence on the cooler intensity is
shown. Both the temperature and the capture efficiency
decrease linearly with the pulse intensity. This behav-
40
25
50
75
100a b c d
Ca
ptu
re 
eff
icie
nc
y (
%)
12
13
14
15
16
0 4 8
Te
mp
era
tur
e (
µK
)
Irep / IC (%)
0
25
50
75
100
6
9
12
15
10 12
Δramp/Γ
0
25
50
75
100
10
100
1000
-0.2 -0.1 0.0 0.1
δ/Γ
0
25
50
75
100
10
15
20
25
30
35
40
-0.03 0.00 0.03
δ/Γ
FIG. 4. (a) Capture efficiency (blue circles) and temperature (red squares) after the complete ramp sequence characterized
as a function of Irep/IC for δ = 0 and ∆ramp = 10Γ, (b) as a function of the ramp detuning ∆ramp for δ = −0.01Γ and
Irep/IC = 0.034, and (c), (d) as a function of δ for ∆ramp = 12Γ and Irep/IC = 0.034. Error bars correspond to one standard
deviation. The initial pulse parameters are fixed τ = 0.5 ms, ∆pulse = 5Γ, and IC = 80 Isat
ior is expected in the general framework of polarization-
gradient cooling in which the temperature lower bound
scales as I/∆pulse and the capture range decreases ac-
cordingly with intensity. Atoms outside the capture
range are thus excluded from the sub-Doppler cooling
process and hence lost. Because of this we opted for the
sequence described in Sec.III B.
B. Intensity Ramp
The entire sequence was optimized piecewise, as
sketched in Fig. 3. A pulse of τ = 0.5 ms, an inten-
sity value of IC = 80 Isat, and detuning ∆pulse = 5Γ
is applied to maximize the capture efficiency. Then the
cooler detuning is increased and the intensity is reduced
to keep most of the atoms in the velocity capture range of
the sub-Doppler process while the temperature decreases.
Irep/IC is set to 3.4%; see Fig. 4(a). The cooler detun-
ing is increased to ∆ramp = 12Γ. This choice maximizes
the final PSD even if it reduces the capture efficiency of
the process, as shown in Fig. 4(b). Due to the reduc-
tion of diffraction efficiency in AOMs, the total intensity
reduces to about IC = 50 Isat. At this stage we observe
that a linear ramp of the detuning, instead of a sudden
change, does not produce significant improvements. The
intensity is linearly reduced to 40 Isat in 15 ms and fi-
nally to zero in 1 ms. Reducing the duration of the first
ramp to 8 ms does not alter the overall performances.
The complete sequence is plotted in Fig. 3(b). Figure
4(c) shows that in the vicinity of the Raman resonance
the capture efficiency is maximized, while for positive
δ above 2pi x 200 kHz a large heating sets in. The best
performance of the process both in temperature and cap-
ture efficiency is obtained for small negative Raman de-
tuning δ ' −2pi x 100 kHz, as shown in Fig. 4(d). As
discussed in Refs. [29, 30, 32], close to the Raman reso-
nance a long-lived dark manifold involving both hyperfine
ground levels emerges, further suppressing the scattering
rate thus improving the efficiency of GM cooling. More-
over, additional polarization gradient cooling (or heating)
cycles take place between dressed states of both mani-
folds. Whether cooling or heating processes are favored
depends on δ and on the ratio Irep/IC. Slightly out of
resonance a subnatural width Fano profile in the transi-
tion probability can manifest due to the interference of
different excitation processes [38], leading to strong heat-
ing of the sample. In the regime Irep/IC  1, consistent
with our results, a heating peak is expected for δ > 0.
C. Final Results
TABLE I. Comparison between the different cooling stages
results and the initial condition after DS-MOT. Eff%: approx-
imative capture efficiency; np: peak density; T : temperature;
PSD : phase-space density. The parameters chosen for GM
operation are the same as in Fig. 3, with δ = −0.01Γ and
Irep/IC = 3.4%.
Eff% np (cm
−3) T (µK) PSD
DS-MOT – 9(1) x 1010 355(12) 6.8(10) x 10−7
D2 BM 80 4.3(2) x 10
10 38.1(9) 8.9(6) x 10−6
GM pulse 100 6.3(3) x 1010 46.9(6) 9.5(4) x 10−6
GM ramp 70 6.0(5) x 1010 8.9(4) 1.1(1) x 10−4
5A comparison between the results obtained with differ-
ent procedures is summarized in Table I. These results
are computed with a larger data set compared to each
point of the previous characterizations. The constant in-
tensity pulse sequence, represented in Fig. 3(a), produces
analogous results to the ones obtained with a red-detuned
D2 BM sequence of 5 ms duration. The PSD after the
complete GM sequence, shown in Fig. 3(b), improves
by one order of magnitude whereas in the case of BM
the application of ramps to the parameters does not im-
prove the overall performances. The optimized GM deliv-
ers samples at a temperature of 8.9(4) µK, below 4Trec,
where Trec = 2.4 µK is the recoil temperature of sodium.
We also investigated the correlation between tempera-
ture and density of the atomic sample in the range of
densities between ∼ 1010 cm−3 and ∼ 1011 cm−3, find-
ing no evidence of heating within our temperature sen-
sitivity. Our results are comparable to the current state
of the art for GM cooling of other alkali atoms, where
no confinement force is present. Temperatures as low as
800 nK, slightly above four recoil temperatures, were ob-
tained with 133Cs [23], while a PSD of 2×10−4 is reported
for 39K [31]. Higher PSD can be reached combining GM
with additional spatial compression stages, as reported
in Ref. [27], where 85Rb samples were produced with a
PSD of 1.7× 10−3.
IV. CONCLUSIONS
We demonstrated experimentally the cooling of atomic
sodium in gray molasses using the D1 line. We measured
a nearly fourfold reduction in temperature and tenfold
increase in PSD compared with the red-detuned optical
molasses sequence, and a capture efficiency higher than
2/3. The dependence of the results on the relevant pa-
rameters, as well as the significant role of coherence in-
duced by Raman coupling between the hyperfine states,
is in agreement with the results previously reported for
other atomic species, confirming the solidity of the ap-
proach. The most evident advantage of increasing the
PSD of an atomic sample is the possibility to obtain a
larger number of quantum degenerate atoms after evap-
oration, for which sodium is particularly suited thanks
to its favorable collisional properties. This will be bene-
ficial to study the real-time dynamics of defects in BECs
[39, 40] through partial-transfer absorption imaging [41].
In addition, gray molasses cooling methods should also
greatly favor the realization of condensates through all-
optical means.
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